T he putative association between longer surgical procedures and morbidity, including venous thromboembolism (VTE), has been examined. [1] [2] [3][4][5][6][7][8][9][10][11] Although this association is widely accepted, it has yet to be quantitatively assessed using a sufficiently powered, multi-institutional database. Our analysis seeks to address this critical question: Do longer operations increase the risk of VTE? With more than 500 000 hospitalizations and 100 000 deaths per year associated with VTEs, answering this question is of prime importance to policy makers, perioperative care physicians, surgeons, and anesthesiologists. [12] [13] [14] [15] In turn, further assessing the link between surgical time and VTE will allow more informed medical and surgical decision making and concomitantly improve patient outcomes. [16] [17] [18] These findings can guide the decision to proceed with longer or combined procedures and, conversely, capitalize on technique advancements that shorten the time of operations. We analyzed data from the American College of Surgeons' National Surgical Quality Improvement Program (NSQIP) database. The NSQIP was established as a quality improvement initiative to further our understanding of surgical outcomes through prospective data collection across the United States. 19 As of 2011, the NSQIP captures data on 240 patient variables from more than 300 institutions. 20 Furthermore, the ab-
than 1.7 million patients from 2005 to 2011 across surgical disciplines. We hypothesized that increases in surgical duration, defined as the time from the induction of general anesthesia to emergence from the anesthesia, would be associated with an increase in the incidence of VTE even with adjustment for increased surgical and patient complexity.
Methods

Data Source and Population
Although the American College of Surgeons oversees the NSQIP database, we took sole responsibility for this study. The Northwestern University Institutional Review Board determined that this study does not constitute research with human participants and was thus exempt from formal approval.
Trained surgical nurses collect NSQIP data nationwide for 30 days following the primary operation. Data are collected in 8-day cycles and monitored on a weekly basis to ensure appropriate sampling. These data collection methods have been described in detail. 20 Effective training sessions for medical record reviewers have established the reliability of the data with a low (1.96%) rate of interobserver disagreement across the tracked variables. 21 
Primary Explanatory and Outcome Variables
Total surgical duration, defined as the duration of general anesthesia time, was the primary independent variable of interest. In an effort to standardize this measure across inherently shorter and longer procedures, a z score was calculated for each patient by dividing the difference between the anesthesia time and the mean for the patient's respective Current Procedural Terminology (CPT) code by its SD. Cases were divided into 5 quintiles (eTable 1 in the Supplement) based on this z score, with the first quintile (minimum to 20th percentile) representing the relatively shortest procedures, the third quintile representing procedures of average duration, and the fifth quintile representing the longest procedures. The primary outcome of interest was the development of a 30-day VTE, which included deep vein thrombosis (DVT) and pulmonary embolism (PE). Deep vein thrombosis is defined as a new clot or thrombus anywhere in the venous system and is confirmed via duplex ultrasonography, venogram, or computed tomography. Pulmonary embolism is diagnosed via computed tomography (spiral or angiogram), pulmonary arteriogram, or highprobability ventilation-perfusion scan.
Statistical Analysis
Patient demographic data included age, body mass index, sex, and race. Clinical characteristics included inpatient status, smoking status, American Society of Anesthesiologists class of 3 or greater, and surgical specialty. The surgical specialties in the analysis included general, urologic, gynecologic, orthopedic, vascular, cardiothoracic, otolaryngologic, plastic, and neurologic. Comorbidities of interest included diabetes mellitus, bleeding disorders (eg, vitamin K deficiency, hemophilia, thrombocytopenia, and chronic anticoagulation), hypertension, and prior stroke or transient ischemic attack. The logarithm of sum relative value units per procedure were included as a proxy for surgical complexity. Variables were selected using clinical judgment. Missing data were analyzed for patterns and handled using multiple imputation. Categorical variables were analyzed using χ 2 tests, and continuous variables were analyzed using 1-way analysis of variance tests. Multiple logistic regression including the above covariates was used to examine the relationship between relatively short (first and second quintiles) and relatively long (fourth and fifth quintiles) operations and the risk for VTE compared with an average-length procedure for any given CPT codes (third quintile, or 41st-60th percentile). The influence of the z score of operative time as a continuous variable was also determined in a separate analysis. To assess the relative stability of our β coefficients across various populations, the relationship was observed using 1000 bootstrap samples taken with replacement, each with a population equal to 10% of our total cohort.
Several sensitivity analyses, including the relationship between operative time and development of PE and DVT, as well as subgroup analyses for the most common CPT codes and surgical specialties, were prespecified before initial data analysis to test the robustness of our results. The following post hoc sensitivity analyses were also performed. In an attempt to minimize the influence of uncommon CPT codes on our results, we first eliminated all CPT codes without a recorded VTE event and then eliminated all CPT codes with fewer than 1000 cases. Because of likely differences between inpatient and outpatient procedures, similar analyses were carried out for each of those subgroups. Multiple sensitivity analyses attempted to minimize the influence of outliers with respect to operative time on our results. Outliers were defined in 3 ways: z scores more than 3 SDs away from the mean, the top 10% of z scores, and the top 25% of z scores. To assess the influence of concomitant complications and generally sicker patients on our results, all patients who experienced any 30-day morbidity or mortality other than a VTE (or in addition to a VTE) were eliminated. Additional analyses included only VTEs that developed within 1 week of the primary procedure or a combination of 1 week postoperatively and no other complication. Finally, the relationships between operative time and DVT and PE were observed separately. To address the possibility of residual confounding by unmeasured variables, we used the array-approach sensitivity analysis described by Schneeweiss. 22 The C statistics measured model discrimination, observed vs expected outcome graphs assessed calibration (eFigure 1 in the Supplement), and likelihood ratio tests assessed the influence of covariates on model fit. A threshold of .05 was used for statistical significance, and all P values were 2-sided. Bootstrap analysis was performed in R software (http://www .r-project.org/), using the rms package, and multiple imputation as well as all regression analyses were carried out in SPSS, version 20 (SPSS Inc).
Subgroup Analyses
Two subgroup analyses were conducted to supplement our primary analysis. First, within each surgical subspecialty, pa-
Results
Beginning with 1 777 035 surgical cases in the NSQIP database from 2005 to 2011, patients who did not receive general anesthesia (159 677) or received general anesthesia for an unspecified duration (184 503) were excluded, resulting in a sample of 1 432 855 patients. The patients were categorized into 5 quintiles based on the z score of their operative time (eTable 1 in the Supplement). Patient age; sex; body mass index; race; percentage as outpatients; sum relative value units; American Society of Anesthesiologists class 3, 4, or 5; and the rates of diabetes, smoking, hypertension, and a previous stroke or transient ischemic attack varied across quintiles ( Table 1) .
A total of 13 809 patients (0.96%) had a postoperative VTE, 10 198 patients (0.71%) experienced a DVT, and 4772 individuals (0.33%) developed a PE. Of these, 1161 patients (0.08%) had both a DVT and PE. The rates of each of these events consistently increased with the duration of the surgical procedure (eTable 2 in the Supplement).
The middle 20% of the procedures across all CPT codes demonstrated a VTE rate of 0.86% (95% CI, 0.83% to 0.90%). Compared with this third quintile, relatively short procedures (ie, first and second quintiles) carried odds ratios (ORs) of 0.86 (95% CI, 0.83 to 0.88; adjusted risk difference [ARD], −0.12%) and 0.98 (95% CI, 0.95 to 1.00; ARD, −0.02%), respectively. The fourth and fifth quintiles carried ORs of 1.10 (95% CI, 1.07 to 1.13; ARD, 0.09%) and 1.27 (95% CI, 1.21 to 1.34; ARD, 0.23%), respectively ( Table 2 ). The association between VTE incidence and the longest procedures was significant in 82.0% of 1000 bootstrap samples (Table 3 and eFigure 2 in the Supplement).
Similar trends were noted across multiple sensitivity analyses (eTables 3-12 in the Supplement), for DVTs (eTable 13 in the Supplement), and for PEs (eTable 14 in the Supplement). The first array-based sensitivity analyses demonstrated that, for these findings to lose significance, an unmeasured confounder that carries a 0.50 relative risk of VTE must differ in prevalence by 40% between the fifth quintile and the average case (eTable 15 in the Supplement). Conversely, the second sensitivity analysis revealed that an unmeasured confounder with a relative risk of 2.0 would have to differ in prevalence by at least 30% between the fifth quintile and the average case (eTable 16 in the Supplement). Both of these differences in prevalence would have to be even larger to eliminate the significance of the difference between the first and fifth quintiles. Bootstrap analysis revealed an aggregate OR in the high- Copyright 2015 American Medical Association. All rights reserved.
est quintile of 1.27 (P < .001), with this quintile reaching significance in 82.0% of the 1000 iterations. For every 1-SD increase in surgical time, the OR for VTE was 1.12 (95% CI, 1.10 to 1.13) across all CPT codes. The median z score was −0.19 (interquartile range, 1.08). The exclusion of outliers did not significantly affect this result (OR, 1.15; 95% CI, 1.13 to 1.17).
The incidence of VTE increased with increasing quintiles of surgical duration in all 9 surgical specialties in the subgroup analyses (P < .05) (Figure) . The basal incidence of VTE varied across the specialties. Otolaryngologic procedures had the lowest incidence of VTE (0.11% in the shortest operations; 0.67% in the longest procedures). Cardiothoracic and neurologic surgical procedures had the greatest incidence of VTE (1.44% and 3.49%, and 1.04% and 2.86%, respectively). Interaction terms between operative time and surgical subspecialty were not statistically significant (eTable 17 in the Supplement).
In each of the 3 most common procedures (ie, laparoscopic cholecystectomy, appendectomy, and gastric bypass), surgical time was a significant independent risk factor for VTE (Table 4) . A 1-hour increase in surgical time carried an OR of 1.18 (95% CI, 1.06-1.30) for laparoscopic cholecystectomy, 1.18 (95% CI, 1.08-1.29) for laparoscopic appendectomy, and 1.26 (95% CI, 1.15-1.40) for laparoscopic gastric bypass (all P < .05). Similar trends were noted for a 1-unit increase in the z score of operative time (Table 4 ). The relationship between the z score of anesthesia time and the incidence of VTE is shown across 9 surgical specialties. The table details the numbers of cases and VTEs at each point estimate.
Discussion
Further understanding of the relationship between VTE and surgical duration could help direct surgical planning and management. Such risk stratification could help target chemoprophylaxis strategies for perioperative care physicians, surgeons, and anesthesiologists and better inform patients and clinicians of the potential hazards associated with prolonged surgery. We performed a systematic search of PubMed using all permutations of the search terms pulmonary embolism, deep venous thrombosis, and venous thromboembolism, the search terms operative, surgical, and anesthesia, and the search terms time and duration and identified 11 relevant articles from 2003 to 2013. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Several insightful studies examined the effect of surgical duration on individual procedures within specialties or institutions. However, to our knowledge, a comprehensive analysis across specialties and institutions using a generalizable database has not been performed to date. By accessing more than 1.4 million surgical cases through the NSQIP database, we hoped to more rigorously address the issue of surgical duration and VTE risk.
Although we found increasing rates of DVT, PE, and VTE with increasing surgical duration (eTable 2 in the Supplement), cohort characteristics varied across these time intervals (Table 1) . After adjustment for these differences, surgical duration was independently associated with an increased likelihood of DVT, PE, and VTE development. Compared with average-length procedures of any kind, the odds of developing a postoperative VTE was significantly increased within the longest procedures and decreased within the shortest procedures (Table 2 ). Similar trends were observed for DVTs and PEs (eTables 13 and 14 in the Supplement).
This finding of an association between surgical duration and the odds of VTE was corroborated by the rising unadjusted incidence of VTE across all surgical specialties (Figure) . When compared with general surgery procedures, the baseline risk of a VTE differed across many surgical procedures (Figure and Table 3 ). However, interaction terms between z score quintiles and the various subspecialties were nonsignificant (eTable 15 in the Supplement), suggesting that the association (represented by the slope of each line) is similar across all 9 specialties (Figure) .
The explanation linking surgical duration to VTE is multifactorial. The pathophysiologic basis of a VTE was described more than 100 years ago and is now known as "Virchow's triad." 23 Immobility resulting from long surgical procedures can lead to the simultaneous presence of blood stasis, increased coagulation, and endothelial damage caused by vessel wall distension. [24] [25] [26] [27] [28] [29] Patients undergoing longer surgical procedures are more likely to experience blood stasis, hypercoagulability, and vascular trauma causing endothelial damage that together can contribute to the formation of a VTE.
26,30
Venous stasis and ischemia can promote DVT formation via the upregulation of P-selectin and loc al prothrombotic microparticles. 28, 30 The hypercoagulable state as well as the inflammation and endothelial damage brought about by surgery can similarly trigger the clotting cascade and contribute to thrombus formation. Clinically, this relationship between operative time and the incidence of VTE suggests an important role of surgical duration in the postoperative assessment of VTE risk. Currently, the 2 common risk stratification methods for VTE are the Caprini 31 and Rogers 7 scores. The Rogers score does not take surgical duration into account, whereas the Caprini score distinguishes only between operations shorter or longer than 45 minutes for the sake of defining "major surgery." Our findings suggest that risk assessment should factor in the length of surgery more thoroughly. With such a large volume of procedures performed annually, the ARDs of 0.23% among the longest procedures and −0.12% among the shortest (Table 2) translate into a substantial burden of VTEs attributable to surgical duration. Nonetheless, the development of strict criteria for risk stratification based on surgical duration is difficult given the inherent differences across procedures. The use of quintiles presents an intuitive approach whereby a surgeon can adjust the risk assessment based on whether the procedure was relatively long, short, or of average duration. Furthermore, these data give us pause when deciding to couple operations or proceed with longer operations. Technical advancements that shorten procedures, particularly in a VTEprone surgical milieu, are indicated.
The recent implementation of the Patient Protection and Affordable Care Act continues to pressure physicians to reduce postoperative complications that drive readmissions and contribute to high health care costs. Because VTE is respon- Copyright 2015 American Medical Association. All rights reserved.
sible for more than 500 000 hospitalizations annually, quantifying its risk is valuable to both improving the quality and reducing the cost of patient care. The importance of this quantification is emphasized by major insurers and organizations, including the Joint Commission, the Agency for Healthcare Research and Quality, and the National Quality Forum, which have mandated VTE risk reduction and prophylactic measures. 13, 32 In addition to playing a role in postoperative risk assessment, our findings can provide a useful benchmark for VTE rates, helping to assess the efficacy of future risk-reduction initiatives. Our study has several limitations. The NSQIP database samples more procedures from a greater number of institutions with every iteration, and it is not possible to determine the completeness of sampling year to year for any given procedure or any given hospital. In addition, although the definition of DVT and PE is explicit in the NSQIP user guide, the characteristics of each event are not tracked by the database. For example, there is no information regarding whether the event was symptomatic or the diagnosis was incidental, neither is there information regarding which imaging modality was used to make the diagnosis. However, the NSQIP database is based on a review of medical records-it is not a screening program targeted specifically to VTE. Thus, it is reasonable to assume that most VTE events at participating hospitals were found because they were high probability or symptomatic and thus prompted postoperative imaging for diagnosis. Another limitation of the present study is that the risk for VTE may remain elevated for 90 days postoperatively, and the NSQIP database captures complications only within 30 days of the primary operation. 33 However, it has been shown 34 that the highest risk for VTE occurs within 19 days after surgery, and our trends are not likely to vary greatly over longer follow-up periods. In addition, multiple logistic regression is susceptible to statistical overfitting, which we attempted to control for by careful selection of the variables included. Finally, a limitation of the retrospective design is the inability to include some information that would have been useful additions to the model. For example, although we assumed fairly high rates of chemoprophylaxis use in qualityseeking NSQIP centers, we recognize that NSQIP does not explicitly track chemoprophylactic measures or institution type, and the inability to control for variation of those measures across surgical specialties or across hospitals represents a limitation. In addition, NSQIP does not track the history of VTE or known thrombophilia. However, guidelines and consensus statements 7,31,35,36 for chemoprophylaxis vary among surgical specialties-and even by procedure-and do not include surgical duration. We attempted to account for this inherent discrepancy by controlling for CPT code and analyzing our data at the specialty and procedural level. Moreover, given that longer procedures outside of the consensus guidelines will tend to be considered for heparin prophylaxis, the strength of the relationship between surgical duration and VTE may be artificially dampened. A distinct advantage of the NSQIP is that a wealth of data is prospectively collected from various clinicians across the country with a low rate of interobserver disagreement. 21 Specifically, DVT was found to have the highest concordance of any complication between NSQIP and other databases, such as the Agency for Healthcare Research and Quality (κ = 0.60) and the Cardiovascular Information Registry (κ = 0.51). 37 Our overall rates of DVT, PE, and VTE are confirmed by the rates noted in other large-scale studies. 14, 37, 38 Given the observational design of our study, it is not possible to definitively conclude that the observed relationship between surgical duration and VTE incidence reflects a strict cause-and-effect relationship. However, even if additional unquantifiable confounders, including surgeon skill and the extent of disease, continue to bias our results, surgical time would be a surrogate for these immeasurable potential risk factors when assessing a patient's risk for VTE.
Conclusions
Through a multiple logistic regression of more than 1.4 million patients from 315 hospitals across the United States, we found surgical duration to be an independent risk factor for VTE. Subgroup analyses substantiated this finding accounting for variation across surgical specialties, procedures, and cases and controlling for confounding to the extent afforded by the NSQIP database. This study provides quantitative validation of the widely held, but not previously substantiated, belief that longer operations are associated with a higher risk of VTE. These findings may improve VTE risk modeling, enhance existing prophylaxis guidelines, and better inform surgical decision making.
